Mating procedures for detection of mobilization of the Proteus mirabilis chromosome were re-investigated. The chromosome was mobilized by plasmid D, the previously used hybrid between plasmids P-lac and Rldrdl9. About a 40-fold increase in recombinant recovery correlated with the absence of swarming during mating and a lower temperature of incubation. The modification introduced was that conjugation was allowed to proceed on a non-selective supplemented minimal medium at 30 "C before washing and plating on selective media. Final incubation was also at 30 "C. This technique enabled eight additional chromosomal markers to be mapped. Polarized transfer of the chromosome was shown by gradient of transmission experiments using a previously described marker as reference, by linkage analysis with reference to proximal and distal markers and (less successfully) by interrupted mating on solid medium. Markers of plasmid D transferred at high frequency to all recombinants. The plasmid was stable in recombinants and could transfer itself and chromosomal markers of the new hosts in further matings. Resulting recombination of markers occurred at usual frequencies. The marker order, his-1, pyrBl, cysAl, cysGl, cysC1, argA2, metF2, nalA1, leuB2, did not resemble the order of these markers in Escherichia coli.
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Escherichia coli
Plasmids and hosts
Proteus mirabilis
. Bacteria and plasmids
Relevant properties
Wild type his-1 Nal" mutant of ~~5 0 0 6 . The locus conferring resistance to more than 500 pg nalidixic acid ml-l has been named nalA1 pyrBl mutant of ~~5 0 0 6 nalAl tyr-1 mutant of ~~5 0 0 6 str-1 ade-1 mutant of ~~5 0 0 6 nalAl ma-1 mutant of ~~5 0 0 6 str-1 Str" mutant of UP^. The allele pyrB2 mutant of up16 cysGl pyrBl nalAl gly-1 pyrBI nalAl cysCl pyrBl nalA1 argA2 pyrBI nalAl thr-1 pyrBI nalAl metF2 pyrB1 nalA1 leuB2 pyrBl naIAI tyr-2 pyrBl nalA1 argEl pyrBl nalA1 argE2 tyr-1 str-1 number of this mutation is sty-2 1 I cysGI nalAI gly-1 naIAl cysCl nalAI argA2 nalAl thr-1 naIAl metF2 nalAl leuB2 nalA1 tyr-2 nalA1 argEl nalA1
Rifampicin resistant mutant of ~5 3 , an F-pro met mutant of E. coli K12 Standard wild-type donor strain. D is the new symbol for plasmid P-lacRldrdl9*. Molecular weight about 120 x log ~~5 0 0 6 carrying R plasmid RP4 into which different segments of P. Coetzee (1975) Coetzee (1975) Coetzee (1975) Coetzee (1 975) Coetzee (1 975) Coetzee (1 975) N-Methyl-N'-nitro-N-ni trosoguanidine (NTG) induced mutants of up4 (unpublished) NTG induced mutant of up7 (Coetzee, 1975, and unpublished) Clowes & Hayes (1 968) ; R. W. Hedges
Coetzee (1974a, 1975 and this paper); W. F. Coetzee (personal communication)
Jacob et al. (1976) Coetzee (1974a, 1975) This paper
Coetzee (1975) ; Clowes & Hayes an F-lac pro his trp strain of E. coli ~1 2 carrying plasmid P-lacRldrdl9 562, as resident (1968) * Superior line indicates transduced R plasmid. Table 2 . Matings on diferent solid media
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The donor was up77(D) and recipients were UP^, up4 and ~~1 2 . Mating mixtures were constituted as described for solid media matings in Methods. After incubation for 3 h at the stated temperature, the growth was harvested, washed and dilutions were plated on minimal medium containing nalidixic acid. Plates were then incubated for 48 h at the temperature used for mating. * Nutrient broth solidified with 6% (w/v) Difco agar.
Medium
-f Minimal medium supplemented with the growth requirements of both donor and recipient with omission $ Minimal medium supplemented with the growth requirement of the recipient without nalidixic acid.
of a donor counterselective agent, nalidixic acid.
Construction of P. mirabilis UP strains containingplasmid D.
This was accomplished by the method of Coetzee et al. (1973) , using tetracycline to counterselect the Escherichia coli strain. All donor strains were maintained on nutrient agar slopes containing kanamycin at 10 "C. They were subcultured at intervals of about 2 months.
*
Bacterial conjugation on solid media. The donor culture was prepared by diluting an overnight broth culture 1 : 10 in prewarmed broth and incubating for 90 min. Overnight broth cultures of recipients were used. The partners were mixed by spreading 0.1 ml of donor and 0.1 ml of recipient on an agar surface. When Millipore membranes were used, the same volumes were rapidly filtered and the membrane with impinged bacteria was placed on an appropriate solid medium. After 3 h incubation at 30 "C (unless otherwise stated), the growth was harvested in sterile saline and centrifuged; the deposit was once again washed in saline and resuspended and then dilutions were plated on selective media for recombinants and transconjugants.
Control experiments lacked either donor or recipient. Plates were incubated for 48 h before results were scored.
Interrupted mating. This was done according to the solid medium technique of Haas & Holloway (1976) . Briefly, 0.1 ml of recipient was spread on plates containing 10 ml minimal agar medium (appropriately supplemented when necessary) prior to the addition at zero time of 0.1 ml of the donor culture prepared as above. Mating was interrupted by spreading 1-25 ml of a freshly prepared nalidixic acid solution (4.0 mg ml-l) carefully over the surface of the agar to mix the bacterial growth thoroughly. Plates were dried for 1 h with lids partly open and then incubated.
Unselected marker analysis. Recombinant clones were purified on agar similar to that used for selection. Single colonies were then suspended in 0.5 ml saline and loopfuls were spotted on selective and control media.
RESULTS
Optimal mating conditions
Mating on diferent solid media. To cover a range of markers, separate experiments were done with up3 (his-I), up4 (pyrBl) and up12 (ade-l) as recipients and u~7 7 ( D ) [argE2 tyr-l str-l (D)] as donor. In fluid matings (Coetzee, 1975) , recombinants for the his, p y B and ade markers involved were recovered at about 5 x lo+, 1 x per donor cell and 2 x 158 J . N COETZEE respectively. These recoveries were confirmed in similar experiments done in nutrient broth (not shown). It is seen from Table 2 that (i) conjugations on non-selective minimal agar medium at 30 "C resulted in about a 40-fold increase in recombinant recovery; (ii) matings on nutrient agar at 43 "C resulted in recombinant recoveries similar to those on 6 yo nutrient agar at all temperatures, while those executed on Millipore membranes gave consistently lower recoveries; (iii) matings on media selective for total recipients (see Dennison & Baumberg, 19753 ) yielded fewer recombinants; and (iv) mating at lower temperatures tended to give higher recoveries of recombinants. The combination of non-selective minimal medium and 30 "C appeared optimal, although all combinations of recombinant selection media and temperature had not been tested.
Chromosome mapping
In view of the above findings it was decided to test a range of new markers under optimal conditions for mobilization by plasmid D and the plasmids constructed by Jacob et al. (1976) .
Gradient of transmission. Strains bearing various additional single auxotrophic mutations to the pyrBl mutation in parent strain up4 were used as recipients in recombination experiments with ~~5 0 0 6 ( D ) , PM~OO~(RP~-PM l), ~M5006(RP4-PM2) and ~~5006(RP4-PM3) as possible chromosome donors. PyrBl (Fig. 1) is a marker situated in the middle of the chromosome linkage group previously reported by Coetzee (1 975).
Chromosomal markers not studied before (Coetzee, 1975) were mobilized by plasmid D (Fig. 1 ) and a gradient of transmission existed with respect to p y B + recombinants used as internal standard (Table 3) . Also alleles of markers arg-1 , leu-1 and met-1 [subsequently identified as being argAl, ZeuBl and metF1 (unpublished results)], which had failed to produce recombinants previously (Coetzee, 1975) , now registered in experiments (Fig. 1) . No recombinants were encountered with potential donors bearing the RP4 variant plasmids and work with them was abandoned.
Linkage analysis. On the basis of the recovery of recombinants listed in Table 3 , the markers were divided in two groups; up48 (tyr-2) and up49 (argEl), markers which had failed to yield recombinants (Table 3) , were incorporated in both groups. Markers of the first group were tested for linkage to ilv-2 the most distal marker previously recorded (Coetzee, 1975) . Selection was for recombinants of the (presumed) distal markers of the first group, and then the proportion which had also incorporated the proximal-ilv-2 marker was determined. The markers could thus be arranged in the sequence ilv-2, cysG1, gly-1, Pro t e us ch rom osome transfer 159 (Coetzee, 1975 ) and the present extension, respectively. Markers are arbitrarily spaced. nafAl maps closely to thr-1 and metF2 in two-factor crosses (see Table 5 ) but its exact location is undetermined. Numbers below alleles represent percentages of particular prototrophic recombinants which had also incorporated the proximal ifv-2f donor marker. Italicized numbers likewise represent percentages of particular recombinants which had also incorporated the distal argA2+ donor marker. Asterisks indicate alleles of markers arg-I, leu-1, met-1 from which recombinants had not previously (Coetzee, 1975) been recovered. cysC1, argA2 (Fig. 1) . No recombinants were obtained with markers tyr-2 and argE1. The more conventional method (Hayes et al., 1963) of testing for recombinants of a proximal marker and then determining the proportion which had also incorporated distal markers, yielded an identical order (Fig. 1) . Possible linkage of markers in the second group to those of the first was determined by estimating the proportion of recombinants for (presumed) distal markers which had also incorporated the proximal cysC1 marker of the first group (Table 4) . With one exception, a reversal of the order for markers thr-1 and metF2, the sequence tallied with that based on the recovery of recombinants listed in Table 3 . Again no recombinants were obtained with markers tyr-2 and argEl.
It has been suggested (Coetzee, 1975 ) that a locus controlling nalidixic acid resistance (nalAl) is distantly linked to ilv-2. This was tested by crossing various nalidixic acid resistant donor strains bearing another marker with the wild type. Selection was for NalR and recovery of double recombinants with the other donor marker was determined. Loci nalA1, thr-1 and metF2 were found to be closely linked (Table 5 , lines 5,6). Reverse crosses (Table 5 , lines 10, 11) confirmed the linkage and provisionally set the locus proximal to thr-1 although three-factor crosses were not done. This location of naZAl could explain the very low frequencies of recombinants encountered for the thr-1, metF2 and leuB2 loci (Table 3) nalidixic acid was used to select recombinants. It could also explain the discrepancy encountered with the thr-1 and metF2 loci (see Table 3 , lines 5, 6, and Table 4 , lines 2, 3). Interrupted mating. These experiments with crosses involving a double auxotrophic donor and various auxotrophic nalidixic acid resistant recipients yielded a reproducible temporal order of entry of markers cysG1, gly-1, and cysC1 and argA2 (Fig. 2) . The times of entry of cysCZ and drgA2 could not be separated and both registered at about 42 min. For cysG1 and gly-1, at least, results of linkage analyses were confirmed (Fig. 1) . Confidence in these experiments was increased by two other observations. Firstly, plates where mating was interrupted at time zero showed none or very few recombinants (see Haas & Holloway, 1976) . This proved that no significant second-round mating occurred once it had been interrupted. Secondly, the time of entry of pyrBl agreed closely with that determined by mating in broth (Coetzee, 1975) . Markers more distally situated (Table 4) gave too few recombinants, by this method of mating, to yield reproducible results. As previously recorded, plasmid transfer was early and occurred at high frequency (Coetzee, 1975) .
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Properties of plasmid D Inheritance. All of about 1400 recombinants from various crosses had received the lactose fermentation marker (not shown) as well as the antibiotic resistance properties associated with plasmid D. These results are in accord with those published previously (Coetzee, 1975) . Also, recombinants transferred the plasmid at high frequency to E. coli strain 563-2 with counterselection of donors with rifampicin (not shown). Eight recombinants, chosen at random, were mated on non-selective minimal medium with strain up14 in the usual way but with streptomycin as donor counterselective agent. The frequency of recombinant formation for the ura-1 marker was constant at about 5 x per donor cell (not shown). A similar recovery was obtained in recombination tests employing the same recipient and the standard wild-type donor ~~5 0 0 6 ( D ) .
All recombinants had received the D plasmid. These results are representative of a number of similar experiments.
Stability. Under the conditions of maintenance and selection employed (see Methods), donor ability was a stable feature and reproducible results were obtained with the same donor strain in experiments separated by intervals of about 2 years (not shown). , 1976) . The fact that markers dispersed over the existing linkage group gave increased recombinant recovery with the new (and not the old) method of mating while maintaining a gradient of transmission (Table 2) , argued against a spontaneous mutant of D being involved in transfer.
Proteus hauseri strains do not swarm at 43 "C on any medium (Coetzee & De Klerk, 1964) or on 6% nutrient agar (Hayward & Miles, 1943) or minimal medium at any temperature (unpublished observations). Apart from the membrane technique, the frequency of chromosomal recombination for P . mirabilis correlated well with absence of swarming and this failure to swarm on the minimal medium may be the cause of the increased recovery of recombinants encountered. No explanation can be given for the failure of the Millipore membrane technique. Towner & Vivian (1976a, b) found it indispensable for the demonstration of chromosomal transfer in a strain of Acinetobacter and the membrane technique has become standard practice in transduction experiments with phage 5006M (see Coetzee, 1974b) . The strict temperature requirement (37 "C) for R1-mediated E. coli intraspecies chromosomal transfer (Pearce & Meynell, 1968) was not encountered, and transfer occurred over a range of more than 10 "C in the P. mirabilis crosses with an optimum at 30 "C. This could be due to the different hosts involved or because transfer was under control of the P-lac element of the fused plasmid (see Coetzee, 1974a Coetzee, , 1975 .
The acquisition of chromosome donor ability in Pseudomonas aeruginosa by plasmid R68 was accompanied by an increase in molecular weight corresponding to that of an insertion sequence (Starlinger & Saedler, 1972; Jacob et al., 1977) . This insertion could be accompanied by deletions of genes close by (Reif & Saedler, 1975; and see Jacob et al., 1977) . Jacob et al. (1976, 1977) suggested that chromosome mobilization by R68.45 was due to interaction between insertion sequences on the plasmid and on the Ps. aeruginosa chromo-J . N . COETZEE some. It is not known how plasmid D mobilizes the P . mirabilis chromosome but the behaviour of the latter plasmid differed in a number of respects from that of R68.45 (see Haas & Holloway, 1976) . Thus, donor ability of plasmid D was a stable property which differed from that of R68.45-carrying strains where continuous supervision and selection was required; plasmid D in apparently unchanged form (see above) was present and stable in all recombinants, but R68.45 became unstable after involvement in chromosomal transfer with partial or complete loss of plasmid markers in a substantial proportion of Ps. aeruginosa progeny (Haas & Holloway, 1976) . Also R68.45 promoted chromosome transfer from a number of sites on the Ps. aeruginosa chromosome whereas all chromosome markers mobilized by D fell within one linkage group. These considerations made it unlikely that interaction of insertion sequences, in the manner envisaged for R68.45, could explain chromosomal transfer by plasmid D in P . mirabilis. However, the plasmids involved differ greatly (amongst other properties) in molecular weight and it could be that interactions which occurred in 'silent' areas of plasmid D would only be detected with physical studies. Possible reasons why RP4-PM 1, RP4-PM2 and RP4-PM3 failed to mobilize the P . mirabilis chromosome have been discussed at length by Jacob et al. (1976) .
As the limit of the D-guided chromosome trajectory is reached, distinction between markers becomes less clear. Although loci cysCl and argA2 and metF2, thr-1, leuB2 could be clearly distinguished by means of linkage analysis, the resolution of kinetic experiments was inadequate to distinguish times of entry of the first two markers, while recovery of specific recombinants for the other three markers was not reproducible.
The cys-1 marker of strain up13 (Coetzee, 1975) has been identified as cysAI (unpublished) and the P . mirabilis linkage group, corresponding to a transfer time interval of more than 40 min, comprises the following: his-1, ser-2, ura-2, pyrB1, trp-3, cysAl, ade-2, ilv-2, cysG1, gly-1, cysC1, argA2, metF2, nalAl, thr-1, leuB2. As far as gene arrangement is concerned, there appears to be no similarity between E. coli and P . mirabilis. In view of the considerable time-length of chromosome already transferred, it appears inevitable that the statement about the map order of P . mirabilis differing markedly from that of E. coli (see Sanderson, 1976) will stand. Marked differences are in accord with the fact that Brenner et al. (1969) only detected 6 yo relatedness between E. coli DNA and that of P . mirabilis. Also, following the conjugal introduction of large segments of E. coli DNA into P . mirabilis (Wohlhieter et al., 1979 , there was no evidence of integration of these genes into the P . mirabilis chromosome (but see Morgan & Kaplan, 1977) .
The chromosome map of P . mirabilis has been extended, but the quest to obtain genetic evidence for circularity of the chromosome seems destined to follow the same tedious course as that of Ps. aeruginosa (see Holloway, 1975) . This evidence may only be forthcoming with the discovery of either a variant of the present sex factor or another plasmid capable of promoting chromosomal transfer from other sites. Preliminary evidence (unpublished) indicates that a P-1 incompatibility group plasmid, R772, can mobilize the P . mirabilis chromosome. The ability of this plasmid to do so from different chromosomal sites is being investigated.
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